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ABSTRACT

It has been recognized that progress toward understanding the mesoscale structure of the ocean requires more
knowledge of the small-scale structure of the marine atmosphere and the processes that couple the air and the
sea. The coastal ocean is characterized by large variations in sea surface temperature and surface roughness that
affect the structure of the atmosphere. Stable layers are frequent features of the coastal marine atmospheric
boundary layer. Their main effect is the formation of a discontinuity between the sea surface and the upper part
of the boundary layer that supports gravity waves, wind speed jets, and large wind shear. The general structure
of a stable internal boundary layer (IBL) that forms over the sea, downstream of a warm landmass, is discussed.
Aircraft data are presented from the Internal Boundary Layer Experiment (IBLEX) conducted over the Irish
Sea in 1990. With the airflow from the land to the sea, thermodynamic profiles were obtained perpendicular
to the coast to investigate the modification of the boundary layer. Horizontal legs were flown parallel to the
coast to obtain information about the turbulence structure at the upwind and downwind ends of the re-
search area.

Despite the large horizontal inhomogeneity in the IBL, local similarity scaling applies throughout the IBL
below L, , where L, is the local similarity length scale. The turbulence parameters, which are nondimensionalized
with the local scales, are generally constant with respect to height. The IBL is characterized by large temperature
and moisture gradients and a large wind shear that maintains a Richardson number close to its critical value.
Turbulence appears to be continuous, maintained by the strong wind speed shear against the stabilizing effect
of the downward-directed heat flux.

The turbulence fluxes indicate generally cogradient heat fluxes in the IBL and large momentum fluxes due to
the strong shear and high winds. Small-scale countergradient heat fluxes are observed that may be the result of
the breakup of large, cogradient turbulent eddies near the sea surface and the return of the air to buoyant
equilibrium at smaller spatial scales.

1. Introduction sphere responds to the land—sea thermal and roughness
contrast. In regions where the atmospheric flow is from
the land to the sea, this effect is likely to be dominant.
An important consideration in marine meteorology is
the extent to which small-scale variations in the time-
dependent wind stress affect the small-scale variability
of the ocean circulation. In turn, it is also important to
understand how the spatial variability of the ocean con-
tributes to the structure of the marine atmosphere and
to what extent the atmosphere and ocean are coupled.

The radiatively driven, stable boundary layer over
land has been the focus of a large number of theoretical
and observational studies; however, there have been
few detailed measurements of stable internal boundary
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In recent years it has been recognized that progress
toward understanding the mesoscale structure of the
ocean requires more knowledge of the small-scale
structure of the marine atmosphere and the processes
that couple the air and the sea. Much of the coastal
ocean variability of currents and temperature is related
to the local wind (Winant et al. 1987). The coastal
ocean is characterized by large variations in sea surface
temperature (SST) and roughness that affect the struc-
ture of the marine atmosphere. In addition, the atmo-
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Garratt 1987; Garratt and Ryan 1989; Rogers 1989,
Friehe et al. 1991). Its importance, however, should
not be underestimated since air over the cool coastal
ocean is often close to neutral or slightly stable. Along
the northern California coast the marine boundary layer
is frequently very shallow and capped by a large tem-
perature inversion. The interaction of the stable marine
atmospheric boundary layer with the coastal mountains
gives rise to a number of important effects along the
coast, including coastal jets with associated hydraulic
flows and large spatial variations in the surface wind
stress and wind stress curl (Zemba and Friehe 1987;
Winant et al. 1988; Dorman 1987).

Low turbulence intensity, near—instrumental noise
limits, and the interaction of gravity waves and tur-
bulence frequently complicate studies of stable
boundary layers (Finnegan et al. 1984). A completely
satisfactory similarity theory has not been developed,
although there have been some advances (cf. Caughey
et al. 1979; Nieuwstadt 1984; Sorbjan 1986, 1987).
In all of these cases the focus has been on the night-
time radiatively driven boundary layer over land. A
local similarity theory, based on Obukhov similarity
theory (Obukhov 1971) has been developed by
Nieuwstadt (1984) and Sorbjan (1986) to relate non-
dimensional fields to the local velocity, temperature,
and height scales, rather than scales that depend on
the surface buoyancy and momentum fluxes. The
growth of a stable internal boundary layer (IBL) has
been found to be dependent on a balance between the
mixing of cool air by turbulence generated by shear-
driven turbulent kinetic energy (TKE) and an increase
in the stable stratification of the layer due to buoy-
ancy-driven heat loss to the surface (Garratt 1987;
Koracin and Rogers 1990; Friehe et al. 1991). As the
stability increases, there is an increase in the TKE due
to an increase in the wind shear, vertical mixing in-
creases, stability decreases, and the layer deepens. The
TKE decreases and further heat loss to the surface
strengthens the static stability, resulting in an increase
in the wind shear, and so on. This can continue until
the surface buoyancy flux approaches zero. The bal-
ance between shear production and buoyant dissipa-
tion of energy results in a critical flux Richardson
number that may be used to develop a prognostic
equation for the growth of the stable IBL (Garratt
1987; Koracin and Rogers 1990).

Friehe et al. (1991) observed a decrease in the wind
stress of about 50% within a stable IBL that formed
immediately over the cold water downstream of an
ocean front during the Frontal Air—Sea Interaction Ex-
periment (FASINEX). In that case the IBL was con-
trolled by the generation of kinetic energy by shear that
was partly dissipated locally by buoyancy. The effect
of this stable IBL on cloud development was inconclu-
sive (Rogers 1989), although Koradin and Rogers
(1990) have shown that, for the case of a cloud-topped
marine atmospheric boundary layer (MABL), a stable
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IBL restricts the vertical transport of moisture from the
surface to the cloud layer, limiting cloud development
and accelerating dissipation.

In this paper we discuss the general structure of a
stable IBL that forms over the sea, downstream of a
warm landmass. The turbulence structure and gravity
waves are described, and the appropriate scaling for the
stable boundary layer is developed. The effect of grav-
ity waves is pursued further in Rogers et al. (1995,
hereafter Part II), where the momentum balance and
the interaction of gravity waves with the MABL are
investigated. Data are presented from the Internal
Boundary Layer Experiment (IBLEX), which was or-
ganized to investigate the development of the marine
atmospheric boundary layer (MABL) in the vicinity of
temperature changes associated with land and sea con-
trasts and ocean fronts.

2. Aircraft observations

The observations presented here were obtained over
the Irish Sea on 6 March 1990 using the U.K. Mete-
orological Research Flight C-130 Hercules aircraft.
The C-130 aircraft was equipped with fast sampling
turbulence sensing instruments similar to those de-
scribed by Nicholls (1978). Details of the accuracy and
resolution of the measurements reported here are
shown in Table 1, and the basic meteorological vari-
ables are listed in Table 2.

Measurements were obtained between 1400 and
1800 UTC. Six-minute (~30 km) horizontal legs were
flown crosswind, parallel to the coast, at 30, 45, 60,
1200, and 1500 m near the Irish coast, and at 30, 45,
60, 160, and 1100 m near the English coast, at the
downwind end of the measurement area. A single
alongwind leg was flown perpendicular to the coast at
30 m, between the two sets of crosswind legs (Fig. 1).
Two series of shallow vertical profiles, between 17 and
1500 m, were also obtained over the region (Table 3).
The aircraft true airspeed was 80 m s™! and the data
were analyzed at 32 Hz.

3. Synoptic situation

An anticyclone was situated to the south of the Brit-
ish Isles and an active low pressure system and its as-
sociated fronts were moving rapidly over and to the
north of Scotland. Over Ireland and northern England
there” were large amounts of medium and high level
cloud that steadily thickened toward Scotland, while to
the south, over the sea, there was some stratocumulus
beneath a well-defined boundary layer inversion. This
pattern produced strong west-southwesterly winds over
the entire measurement region. Within the experimen-
tal area, clouds in the boundary layer were confined to
the western end, although at all times during the after-
noon there were large amounts of altocumulus and cir-
rus at higher levels. The mean wind direction trans-
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TaBLE 1. Instrumentation, accuracy, and resolution of measurements made aboard the U.K. C-130.
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Combined performance of transducer, signal conditioning,

and recorder

Variable Manufacturer and model
measured Instrument type number Range Accuracy Resolution
. . - . o ano o
Aircraft latitude 011;;5:3 Ilrm‘av:gamon Litton LTN-211 0°-90° N/S <1 nm radius by day 0.000086
Aircraft longitude ~ Omega navigation (Program 08-02) 0°- 180°E/W z‘y‘dn;ﬁt“"‘ radius 4 600086°
system
Aircraft ground Omega navigation (Program 08-02) 0 to 3277 kt 0.05 kt
speed system
Aircraft drift Omega navigation (Program 08-02) *40° +0.5° 0.088°
system
Angle of attack Potentionmetric wind Penny & Giles +10° 0.005°
vane
Angle of sideslip Potentionmetric wind Penny & Giles +10° 0.005°
vane
Geometric altitude  Radar altimeter Honeywell 0-1520 m *1% 04 m
Aircraft vertical Inertial navigation Ferranti +30.5ms™’ +0.l ms™' 0.046 ms™'
velocity system
Aircraft ground Inertial navigation Ferranti +366 ms™’ +04ms™' 0.046 ms™’
speed system
components
Aircraft true Inertial navigation Ferranti 0°-360° 0.4° rms 0.022°
heading system
Aircraft pitch Inertial navigation Ferranti +90° +0.09° rms 0.022°
angle system
Aircraft roll angle  Inertial navigation Ferranti +180° +0.09° rms 0.022°
system
Aircraft ground Doppler radar Decca 62M 100 to 731 kt +0.6% * 3 kt 0.18 kt
speed
Aircraft drift Doppler radar Decca 62M +24° +1.0° 0.088°
angle
Aircraft position Decca navigator Decca Mark 1 Air Zones Ato]J 1 of 100th one 1 of one 100th one
navigation system Decca Lane Decca Lane
Total water Lyman-alpha absorption UK Met Office 0-20 g kg™' 0.15gkg™! 0.005 g kg™
content hygrometer
Liquid water Hot wire Johnson—Witliams 0-1,0-3 *+10% 0.001 gm™
content LWH gm™
Humidity mixing 10-GHz microwave UK Met Office For observing rapid humidity fluctuations. Data baselined

ratio (refractive
index)
Radiometric
surface
temperature
Static pressure
Pitot—static
pressure
Total air
temperature
(deiced)
Total air
temperature
Dewpoint
temperature

refractometer

Balometric radiometer
8to 14 um

Variable capacitance
Variable capacitance

Platinum resistance

Platinum resistance

Thermoelectric
hygrometer

Barnes PRT 4 (Modified
by MRF)

Rosemount 1201F
Rosemount 1221F

Rosemount 102BL

Rosemount 102AL

EG & G 137-C3

against absolute instruments.

—20° to +30°C

1030-100 mb
0-140 mb

—80° to +40°C

—-80° to +40°C

-50° to +50°C

+0.6°C
+1 mb
+0.5

+.03°C

+0.8°C

+0.5°C > 0°C
+1.0°C < 0°C

0.1°C

0.25 mb
*0.03 mb

0.006°C

0.006°C

0.02°C

ported air across the Irish coast over the sea. The sea
became progressively cooler toward the English coast.

A radiosonde sounding from Long Kesh in Northern

Ireland, which is representative of the Irish Sea,
showed a cloud-capped boundary layer extending from
the surface up to about 850 mb (1400 m) with a sharp

subsidence inversion and relatively dry air above it. At

higher altitudes moister air was associated with cirrus

4. Mean boundary layer structure

and altocumulus layers from the low pressure system
to the north.

a. Thermodynamic profiles, time series, and the SST

The synoptic situation for the afternoon of 6 March
1990 indicates that the maximum temperature over

Xgdxwkhqwlfdwhg#e«#Grzqordghg#3<2



670 JOURNAL OF THE ATMOSPHERIC SCIENCES VoL. 52, No. 6
TaBLE 2. Basic meteorological variables.
Primary instrumental
Parameter Absolute accuracy Resolution source Remarks
Horizontal wind component +04ms™! +0.06 ms™! Pitot-static system inertial Assumes full corrections
platform applied including
Doppler radar, Decca, removal of INS drift.
Omega, Loran angle of
sideslip vane
Vertical wind component +0.I ms™' +0.03ms™’ Pitot-static system, inertial Assumes low-frequency
platform, angle of errors removed by
attack vane reference to changes in
static pressure.
Temperature *0.3°C 0.006°C Platinum resistance Corrected for kinetic
thermometer heating.
Pitot-static system
Humidity mixing ratio +0.3 gkg™! +0.02 g kg™’ Refractometer Instruments cover different
Lyman-a frequency ranges and
automatic hygrometer, different ambient
manual hygrometer, conditions. Accuracy
platinum resistance, and resolution also vary
thermometer, Pitot- with ambient
static system conditions; figures
quoted refer to the
lower levels of the
atmosphere.
Geometric altitude 1% 0.8 m Radar altimeter
Pressure +1 mb 0.5 mb Compensated static ports

Northem Ireland and northern Eire was between 11° and
12°C, while the sea surface temperature in the Irish Sea,
adjacent to the Irish coast, was typically 6°C, decreasing
to 4°C near the English coast. A stable internal boundary
layer forms adjacent to the sea surface as the air flows off
the Irish coast (Fig. 2a). At the upwind or upstream end
of the measurement area the atmosphere is characterized
by a sharp potential temperature discontinuity of about 5
K across the top of MABL; a stratocumulus cloud layer
between the base of the inversion and 800 m; and a
weakly stable layer between cloud base and the top of the
very stable IBL at 180 m. The cloud has a maximum
liquid water content of about 0.2 g kg ~'. Clouds are not
encountered downstream of this profile location. Farther
downstream, above 180 m, potential temperature € in-
creases and the depth of the main inversion decreases.
Nearer the English coast, the stable IBL. was about 100
m deeper and 1 K cooler. This is accompanied by an
increase in the variability of the temperature signal in the
IBL, indicating enhanced turbulence within this layer.

A similar structure is apparent in the total water mixing
ratio g, profiles (Fig. 2b). At the upstream end of the area
the boundary layer is characterized by four distinct mois-
ture layers: the inversion, a cloud layer, an internal bound-
ary layer, and a transition region between cloud base and
the top of the IBL. In several of the profiles ¢, increased
with height in the IBL. This is due, in part, to the decrease
in the SST along the flight track that allows condensation

at the surface, a strong wind speed shear that can drive
vertical mixing, and the horizontal transport of moisture
across the top of the stable IBL. As the air moves over
the colder water, it stabilizes and tends toward equilib-
rium with the surface conditions. This air is overrun by
warmer, moister air in equilibrium with the upstream con-
ditions. Thus, it is possible for the air in the upper part of
the IBL to have a higher water vapor mixing ratio than
the air close to the surface. The water vapor gradient
within the IBL is maintained by horizontal transport and
condensation at the sea surface. This gradient sustains a
moderate downgradient moisture flux (Table 4). The dis-
crepancy between the profiles is explained by the differ-
ence between the ascent and descent rates of the aircraft.
Near the sea surface, the aircraft descends very slowly,
masking the vertical changes by a long horizontal track.
In contrast the ascents near the surface are rapid with a
correspondingly short horizontal track. Thus, the ascents
tend to estimate the vertical variation more accurately
than the descent runs close to the surface.

The profiles of 4 and g, obtained approximately three
hours later indicate a similar boundary layer structure
(Figs. 2c¢,d). Overall, the boundary layer moistens
slightly with relatively little change in §. The most sig-
nificant difference between these and the earlier pro-
files is the erosion of the capping inversion that we
associate partly with horizontal transport and partly
with vertical mixing betweén the upper part of the
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Fic. 1. U.K. Meteorological Research Flight C-130 Hercules flight track over the Irish Sea on
6 March 1990. The wind was approximately perpendicular to the Irish coast, the duration of the
crosswind legs was about 6 minutes, and the duration of the alongwind leg was 20 minutes.

boundary layer and the free atmosphere. There is little
change in the depth of the IBL over this time, and the
multilayer structure observed between the surface and
180 m and between 180 and about 350 m is still ap-
parent. The vapor mixing ratio shows a much more
distinct increase away from the sea surface in the later
profiles. In this case the vertical gradient is large
enough to be observed in the descent profile.

The IBL, which initially formed at the land-sea
boundary, is continually modified and made more sta-
ble as the air moved eastward. Figure 3 shows the re-
sponse of the ambient air temperature and total water
content at 30 m to the change in surface conditions.
The air temperature drops by 1.2 K from west to east
but remains between 4.4 and 5.1 K warmer than the
sea surface at all times, while the total water content
slowly decreases by 0.25 g kg ! along this leg. Modi-
fication of the temperature and total mixing ratio also
occurs in response to a sharp SST discontinuity that
occurs about 35 km along the track. Here the air tem-
perature drops by about 0.6 K and the total water de-
creases by about 0.2 g kg ™'. A similar rapid response
to changes in the SST was observed during FASINEX
(Friehe et al. 1991). The decrease of the total water
content g, along the track requires the loss of water
vapor from the air by condensation at the sea surface.

The observed structure differs from the stable, noctur-
nal boundary over land where the internal boundary layer
is often not in equilibrium with the surface heat flux or
roughness and the timescale for vertical motions may be

given by H/(0.01u, ), where H is the depth of the IBL
and u, is the friction velocity (Brost and Wyngaard
1978). In the present case, the timescale for motions in
the IBL is most likely related to the inverse of the buoy-
ancy frequency 1/N, which is related to the period of
oscillation of gravity waves. This is discussed in more
detail in Part II. According to this, the timescale is ap-
proximately five minutes, which accounts for the rapid
development of the layer downstream of the initial dis-
continuity at the coastline. This accounts for the apparent
decrease of temperature and humidity because rapid ver-
tical mixing redistributes the cooler, drier air that origi-
nates at the surface and is consistent with our previous
results (Friche et al. 1991).

Further insight into the modification of the air mass
can be obtained using the characteristic or mixing dia-
gram introduced by Taylor (1917) and used by Craig
(1946) and Emmons (1947) in studies of warm air flow-
ing over a colder sea surface, and more recently in the
study of mixing in clouds (e.g., Gardiner and Rogers
1987) and airmass modification of an ocean front (Rogers
1989). This diagram shows a conservative variable such
as equivalent potential temperature 6, along the abscissa
and total water mixing ratio g, along the ordinate. It fulfills
the property of mixtures almost exactly; that is, if two
samples of air are represented on the diagram by two
corresponding points, any adiabatic mixture of the two
samples is given by a point that lies on a straight line
connecting the two original points. As pointed out by Roll
(1965) the value of this diagram is that we can apply it
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TABLE 3. Summary of legs, altitudes, and heights
for each of the runs.

Run Time (UTC) Height (m)
Downstream 1.1 1426:58  1435:19 15-1370
(near English: coast)
Middle of Irish Sea 1.2 1435:29 1444:50 1370-15
Upstream (near Irish 1.3 1444:50  1452:22 15-1370
coast)
Parallel to Irish coast 2.1 1455:49  1501:56 1370
2.2 1506:38 1512:44 1370
23 1516:19  1523:09 60
24  1528:36  1534:56 45
2.5 1539142 1546:26 30
Perpendicular to Irish 3.0 1607:59 1629:59 30
coast
Parallel to English 4.1 1631:15 1637:37 30
coast 42 1641:29 1647:38 45
43 1651:56 1657:58 60
44 1701:38 1707:44 160
4.5 1712:03 1718:19 1066
Downstream (near 5.1 1724:56  1733:53 1370-15
English coast)
Middle of Irish Sea 52 1735:03 1745:51 15-1370
Upstream (near Irish 53 1745:52  1755:15 1370-15

coast)

to the modification of air masses by assuming that the air
layer next to the sea surface is at the temperature of the
sea surface and is saturated. Thus, we can determine the
height to which the sea surface directly affects the bound-
ary layer and, by observing the departures from a straight
line, the effect of other processes not directly influenced
by turbulent mixing. In the present case the profiles show
the general trend of warm, moist air near the upwind edge
of the area to cooler, drier air near the downwind end of
the area with a similar pattern observed in both sets of
profiles (Fig. 4). Points representing the saturation mix-
ing ratio and equivalent potential temperature of the sea
surface are also plotted. These show that, at the upwind
end of the area, at 15 m above the sea surface, the air in
the IBL has mixed approximately one-third with air in
equilibrium with the sea surface temperature. Down-
stream, the curvature of the profile within the IBL is more
apparent. This reflects advection of the air in addition to
vertical mixing. Craig (1946) ascribed this departure
from a straight line to the vertical shear of the horizontal
wind, which is consistent with our observations. At the
downwind end of the area the sea surface has cooled by
about 1.5 K with the air following, maintaining approx-
imately the same fraction of vertical mixing as observed
upstream. Above the IBL the effect of entrainment with
air from the free atmosphere is apparent in the change of
slope of the profiles between the upwind and downwind
profiles. Here mixing with air from aloft decreases the
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total mixing ratio and the equivalent potential tempera-
ture, with most of the change observed in the mixing ratio.
The straight mixing line. in the downwind profile also
indicates mixing between the top of the MABL and the
top of the IBL that is not observed in the upwind profile.
There appears to be very little mixing between the IBL
and the rest of the MABL in either profile.

b. Wind profiles

The eastward and northward wind profiles (Figs.
5a,b) indicate that the flow is generally westerly within
the stable IBL, veering only slightly with height up to
the top of the MABL. A well-developed jetlike structure
is apparent in all three profiles, with the stable IBL char-
acterized by a region of very strong wind shear with
wind speeds increasing to between 22 and 25 m s ' near
the top of the layer. At the upwind end of the area, the
jet axis is less well defined with a constant wind speed
of about 23 m s~' between 300 m and the top of the
MABL. In comparison, as the air flows downstream,
there is a decrease in wind speed between 400 m and
the base of the MABL inversion. The height of the jet
axis varies by less than 100 m between these profiles.

The wind structure follows the vapor mixing ratio
profiles quite closely. At the upwind end, the region of
strongest shear within the IBL corresponds with the top
of the layer with increasing vapor mixing ratio with
height that is indicative of horizontal advection of
warm moist air over cooler, drier air close to the sur-
face. The maximum wind speed coincides with the top
of the IBL as defined by the water vapor mixing ratio
in all three runs. If the wind speed maxima and the
mixing ratio are used to estimate the top ‘of the IBL, it
is clear that the temperature profiles indicate further
stratification within the IBL, as discussed above, where
the largest potential temperature gradients coincide
with regions of small wind shear.

A similar structure is observed in the later profiles
(Figs. 5¢,d); however, there is a more obvious discon-
tinuity in the wind speed at about 180 m in all three of
these runs. In this case the maximum wind speed co-
incides with the subsidence inversion that is forming
above the IBL. The decrease in the height of the bound-
ary layer and the sharpening of the temperature inver-
sion is indicative of subsidence.

c. Stability

The stability of the boundary layer can be investi-
gated in more detail using the gradient Richardson
number Ri, defined in its usual form as

£ %,
8, 0z

@)+ (@]

R_i:

(1)
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Profiles of this quantity are calculated approximately
using wind and virtual potential temperature 8, profiles
that are low-pass filtered (cutoff frequency = 0.3 Hz)
to remove the small-scale variability so that the gradi-
ents of 4, 1, and v can be estimated in terms of the bulk
Richardson number R, :

_ gA8,Az
T A(AD? + (AD)?]

R, (2)

where g is the acceleration due to gravity and A, Au,
and Aw are the virtual potential temperature and veloc-
ity component differences obtained over a 6-m height
difference.

Despite the strong é gradient within the stable IBL,
the wind shear is sufficient to reduce Ri below the crit-
ical value of 0.25 (Fig. 6), commonly associated with
the onset of Kelvin—Helmholz (K—H) instability. The
K-H waves are unstable waves that feed on the mean
shear and can overturn to produce patches of turbulent
mixing. This turbulence will decay if the shear cannot
be sustained across the deepening mixed layer; how-
ever, there should be an equilibrium, self-adjusting
value of the gradient Richardson Ri, at which turbu-
lence can be maintained (Turner 1973). The mixing
layer adjusts its thickness in response to the imposed
temperature and velocity gradients. In terms of a crit-
ical or equilibrium flux Richardson number Ry, Garratt
(1987) obtained a value of 0.18 and Koracin and Rog-
ers (1990) obtained a value of 0.1 for the growth of a
stable IBL with an initial air—sea temperature differ-
ence of about 15 K. An equilibrium Richardson number
is sustained because of the balance between the energy
lost due to buoyant consumption and the mechanical
production of energy. When Ri = Ri, the IBL deepens.
This weakens the temperature and velocity gradients;
however, continued heat loss to the ocean and advec-
tion of warm air above the IBL act to strengthen the
temperature gradient across the IBL. In turn, this in-
creased static stability further restricts the vertical
transfer of momentum, or frictional drag on the air, so
that the wind shear across the layer increases. This me-
chanical energy drives further vertical mixing in the
layer, and the layer deepens. The process will be re-
peated until the air in the entire boundary layer cools
to the sea surface temperature or the wind shear be-
comes negligible. Since the source of the warm air is
advection from the land to the sea the processes that
can accomplish this are either nighttime longwave ra-
diative cooling of the air over land or synoptic-scale
cold air advection or both.

In the upstream profile there are two regions where
Ri is below the critical value: between the surface and
about 180 m (i.e., throughout most of the depth of the
IBL), and between 700 and 800 m. The latter is indic-
ative of a well-mixed layer in the vicinity of cloud layer
where @ is nearly constant. Stability near the inversion
is large because of the strong temperature gradient and
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the small wind shear across the inversion. A deep stable
layer exists between the top of the IBL and about 700
m because of the absence of wind shear. This clearly
limits mixing between the surface layer and upper part
of the MABL. Farther downstream the boundary layer
also has two distinct, unstable layers between the sur-
face and about 180 m in the IBL and between 400 and
600 m, immediately above the axis of the wind speed
jet where the wind shear is largest. As might be ex-
pected, since the axis of the wind speed jet is a region
of low wind shear, Ri is well above the critical value
and the air is dynamically stable. At the downstream
end there is only one unstable layer, which corresponds
with the upper part of the IBL, below the critical value
between 100 and 300 m, which corresponds with the
top of the IBL. The Richardson number above the axis
of the wind speed jet is small but above 0.25 so that
K-H instability is not observed. The large Ri near the
surface, below 100 m, indicates that, at this time, mix-
ing between the surface and the upper part of the IBL
is restricted.

The sustained critical layers within the IBL indicate
a preferred region for turbulence generation. The strong
static stability and wind shear minimum associated
with the jet axis located at the top of the IBL limit
mixing between the IBL and the upper part of the
MABL.

5. Surface and IBL similarity

In stable conditions, mechanical turbulence is sup-
pressed by a downward heat flux. As a result, the layer
in which turbulence can be maintained is typically an
order of magnitude smaller than that under unstable
conditions (Holtslag and Nieuwstadt 1986). The struc-
ture of the stable boundary is completely different from
the unstable boundary layer because of the predomi-
nance of small eddies. Nevertheless, Nieuwstadt
(1984) has shown that the surface layer can be treated
in terms of Obukhov similarity theory with z, u,, and
w'@' |, as scaling parameters (Obukhov 1971), while,
above the surface layer, the turbulence scales with z
and the local values of the stress u;, and the heat flux
w'@’|,. In the local scaling regime, the velocity, tem-
perature, water vapor, and height scales are given by

u(z) = [(u'w')? + (v'w’)?]'"
8.(z) = —w'0,(2) Iur(z)
qu(z) = —w'qi(z) /uy(2)
L, = u}(2)/[xB0.(2)], (3)

where B(= [g/0]™") is the buoyancy parameter,  is
the von Kirmén constant (=0.4), and z is height. In
the surface layer these are identical to the Obukhov
similarity scales uy, 64, and L. The surface layer is
assumed to be taken up to z/h = 0.1, similar to the
neutral and unstable cases, where 4 is the depth of
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FiG. 2. Profiles of potential temperature and total water mixing ratio at various positions over the Irish
Sea. Dotted lines: profiles at the upstream end of the measurement area, dashed lines: profiles obtained in
the middle of the area, and solid lines: profiles obtained at the downstream end of the measurement area.
Profiles (a) and (b) were obtained at about 1400 UTC, and profiles (c) and (d) were obtained about three

hours later.

the stable layer. The local scaling region is defined
up to z/L; = 1 (Nieuwstadt 1984 ). Above this level
the dependence of the turbulent variables on z dis-
appears because vertical motion is inhibited due to
the stable stratification. This is referred to as z-less
stratification (Wyngaard 1973). Above this level [ (A
— z)/L.], turbulence tends to be intermittent. In the

present case this level is above the top of the sta-
ble IBL.

Scaling parameters for a series of horizontal runs are
summarized in Table 4. The measurements obtained
between 30 and 60 m are within the local scaling region
(z/L < 1) as defined by Nieuwstadt (1984). Direct
information about the depth of the stable IBL is not
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available from the horizontal runs; the profiles indicate, s ey
however, that the depth varies from about 200 to 350

T T T T T
vt fonViutn g e A
oot A TG

ke 0 g P TP IR g

ogar T
m between the upstream and downstream ends of the
region. This places the measurements obtained in run € 280
4.1 within the surface layer (z/h < 0.1) and the other N - i
measurements below about 60 m within the local scal- .
ing region. The scaling parameters between 30 and 60 278, 26 20 &0 20 00 120
m are dominated by horizontal rather than vertical vari- _ Distance (k)

ability because of the narrow vertical displacement of
these runs. Run 4, however, which spans a larger ver-
tical range from 30 to 160 m, indicates a general de-

6.5F

crease of L, , u,, and g, and increase of 6, with respect . *“ 1
to height. Height-dependent expressions for the vertical 63 1
change in these parameters can be developed (cf. 6.2} 4
Caughey et al. 1979; Nieuwstadt 1984; Holtslag and a1l . . . . :
Nieuwstadt 1986): 0 20 QO et 100 120
z\ ™ FIG. 3. Time series of (a) the sea surface temperature and air tem-
L, (z)= L( 1 - —) perature and (b) total water mixing ratio obtained from a 30-m level
h run between the Irish and English coasts, parallel to the mean wind
Z\ @ and perpendicular to the Irish coast.
u (z) = u*(l - -) , 4)

which are similar to the estimates obtained from
Nieuwstadt’s data at Cabauw and Sorbjan (1986,
1987); namely,

where the coefficients a; and «, are 0.8 and 0.37, re-
spectively. This is an appealing approach, but lacks
theoretical support for the dependence of the gradients
on i and must be considered specific to these data,

ay
rather than a general result. u_L ~2.6,3.1,4.0
The standard deviations of u, v, w, and 4 for a num-

ber of runs are shown in Table 5. Eight out of nine of Ty )

the runs were obtained within the IBL. As might be u—L ~1.5,16,2.0

expected, the nondimensional turbulent variables are

generally constant with respect to height. Average val- Ty

ues of the standard deviations are 0, 24,3.5,40. (6)
Ou 24 The dimensionless vertical gradient of the horizontal
u ) velocity is

) -2 3.1 ’ 12

% Ur kL ou\? A\?
—~20 = E) + (2 =47,  (7)
U u, [\ 0z 0z
I 14, L x4, (5) Which is also the same as the value obtained by Sorbjan
Uy 6. (1986). Clearly, height-dependent relationships for the

TABLE 4. Scaling parameters for horizontal runs.

U 6, qc L, 4 143
Run (ms™h) (1077 K) (10%kg kg™ (m) (m) (s) L,
2.3 0.28 15.65 0.998 519 60 214 0.12
24 0.22 16.08 —0.642 306 45 205 0.15
25 0.32 15.70 0.229 663 30 94 0.14
2.6 0.42 11.32 -0.221 —0.003 1067 2540 —
3.0 0.29 27.68 —0.128 221 30 103 0.14
4.1* 0.36 19.59 3.02 470 30 33 0.06
42 0.27 19.78 3.37 265 45 167 0.17
4.3 0.28 17.88 2.66 316 60 214 0.19
4.4 0.20 21.51 1.03 128 160 800 1.25

* This run is within the surface layer (z/L, < 1).
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FiG. 4. Equivalent potential temperature versus total mixing ratio for profiles at the upstream
and downstream ends of the measurement area. The points marked a, b, ¢ represent surface values
at the upwind, middle, and downwind ends of the region.

variances can be obtained by substitution of u, for u,
in a manner similar to those shown in (4).

6. Cospectra and ogives of turbulence fluxes
a. Approach

A major problem in the measurement of turbulent
fluxes from aircraft is the difficulty in determining the
appropriate averaging length for estimates of the Reyn-
olds flux ({(x'w’), where w’ is the vertical velocity
fluctuation and x’ is the fluctuation of any other rele-
vant variable, and angle brackets represent the time-
averaging operation). Since the integral over all fre-
quencies of the cospectrum is the covariance, it is pos-
sible to plot a cumulative integral of the cospectrum
starting at the highest frequency, where the contribu-
tion to the covariance is generally small, to determine
the broadband contribution to the covariance. The re-
sulting curve of the frequency versus the cumulative
covariance is referred to as an ogive curve. Ideally, this
curve should approach a constant covariance at low
frequencies, indicating that the length of the time series
is adequate to obtain an estimate of one realization of
the vertical flux of a quantity. It must be emphasized
that this is a necessary, but not sufficient, requirement
for the measurement of a mean turbulence flux in the
absence of an ensemble average over many realizations
of the flux. The technique is particularly important in
determining fluxes in a generally heterogeneous bound-

ary layer where the shortest averaging times are sought
to determine the variability of the flux. In Friche et al.
(1991) ogives were used to estimate the flux over the
stable and unstable sides of an ocean front. Over the
stable side, immediately after transition from the un-
stable side, the ogives were not always convergent
within the length of the data record.

Here we present crosswind runs of the cospectra
Co, - plotted in area-preserving form (multiplied by
f) and the ogives of the covariances such that

N
Y Cy = Cop,p(N) = w'x’. (8)
1

b. Cospectra

The cospectra of the vertical wind and potential tem-
perature and the corresponding ogives at 30, 45, 60,
and 1067 m near the upwind end of the area and at 30,
45, 60, and 160 m near the downwind end of the area
are shown in Figs. 7 and 8. These initial cospectra are
not normalized so that heights of the curves are directly
proportional to the amount of vertical transport at a
given frequency. In the stably stratified IBL a negative
value of fCo,y indicates downward (cogradient)
transport of heat, whereas a positive value of f Co,, ¢
indicates upward (countergradient) transport. The co-
spectra show generally cogradient transport for eddies
with wavelengths greater than about 40 m. At higher
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FIG. 5. As Fig. 2 except for the eastward and northward wind velocities.

frequencies, however, there are frequent coherent re-
gimes with countergradient transport that carry heat
from cold regions to hot regions. It is hypothesized that
the countergradient transport of heat is associated with
the breakdown of the larger-scale eddies and the trans-
fer of fluid elements toward their positions of buoyant
equilibrium, resulting in the transport of warm eddies
upward and cool eddies downward. The ogives show
that at the higher frequencies the net transport is small,
but clearly countergradient, with a crossover to net co-
gradient transport at wavelengths between 40 and 80

m. The ogives at the lowest heights above the surface
indicate convergence of the mean heat flux within the
sampling period; at 160 m, however, the ogive does not
converge and the mean flux cannot be estimated as ac-
curately. The main contribution to the cogradient heat
flux at 30 m is from the broadband region between
about 0.6 and 2 Hz (150- to 40-m wavelength). This
shifts, as expected, toward longer wavelengths at
higher altitudes. At 160 m the maximum contribution
to the heat flux is from scales of 80 to 1500 m and
beyond. The magnitude of the sensible heat flux varies
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from about 0.007 to 0.0045 K m s~! between 30 and
160 m, and decreases nonlinearly with height.

In laboratory studies of the decay of turbulence in a
stable boundary, Lienhard and Van Atta (1990)
showed that countergradient heat fluxes arose from el-
ements that had been vertically dispersed through a pe-
riod of vigorous turbulence entering a region of higher
Ri. Due to the decreased kinetic energy, these elements
then drift back to their buoyant equilibrium positions.
Their results, however, show only countergradient
fluxes at low frequencies (large scales of motion); on
the other hand, Rees (1991) has observed countergra-
dient heat fluxes over a broader range of frequencies in
observations of the stable boundary layer over Antarc-
tica. Our results indicate that there is generally a fre-
quency separation between the direct (cogradient) and
indirect fluxes (countergradient), with the latter dis-
placed toward higher frequencies (shorter wave-
lengths). Physically, this may be interpreted as the
breakdown of the longer wavelength turbulent parcels
as they approach the sea surface; the air transported
from a region of higher temperature aloft will tend to
be buoyant with respect to the surrounding air in equi-
librium near the surface. These parcels, which must be
smaller than the original cogradient transported enti-
ties, will tend to rise to return to their equilibrium po-
sition. We would expect to find the largest displace-
ments closest to the surface where the larger parcels are
destroyed, and thus the largest countergradient flux.
This is generally confirmed by the observations, partic-
ularly at the downwind site (Figs. 8a,b). Similar ob-
servations in a stable boundary layer were obtained
during FASINEX (Friche et al. 1991).

The cospectra of the vertical and horizontal winds
are shown in Fig. 9. Here the major contributions to
the net momentum flux are within a broad spectral band
between about 1 and 10 Hz at 30 m and between 0.3
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TABLE 5. Standard deviations of winds and temperature scaled
using local similarity for the horizontal runs.

Run o fug o, fu, o.lu; o6, (m)

2.3 1.94 2.45 1.38 6.02 60
2.4 2.15 2.80 1.49 5.37 45
2.5 1.94 2.21 1.35 5.87 30
2.6 4.99 5.31 3.67 4.29 1067
3.0 1.81 2.42 1.44 2.97 30
4.1 1.98 2.29 1.49 4.77 30
4.2 2.10 243 1.42 4.15 45
4.3 2.01 2.38 1.34 4.68 60
4.4 2.17 2.51 1.24 3.86 160

and 3 Hz at 160 m. At 30 m, the broadband regton
between 1 and 10 Hz accounts for about 75% of the
net flux, decreasing to less than 50% at 160 m (Fig.
9b). Although each of the ogives converge rapidly to
a constant value at low frequencies, the contribution
from frequencies above the resolution of the velocity
measurements is unknown.

c. Phase measurements

An estimate of the correlation of w and 8 is the phase
Ph,,.y-, which can be interpreted as the phase lag of 8
behind w at any given frequency. If the flow field trans-
ports heat down the temperature gradient, then w and
# are =7 out of phase. If w leads 6, then Ph,.4 < 0.
In this case, a downward motion is associated with a
positive temperature perturbation; conversely, if heat is
carried against the temperature gradient, a downward
motion is associated with a negative temperature per-
turbation, and w and 8 are in phase with one another.
The phase may also be used to detect internal waves.
In a stably stratified boundary layer, w is +#/2 ahead
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FiG. 6. Profiles of Richardson number corresponding to Fig. 5.
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Fic. 7. (a) Cospectra of the vertical wind and potential temperature, (b) ogives, and (c) phase
at 30 m (dashed—dotted line), 45 m (dashed line), 60 m (solid line), and 1016 m (dotted line) near
the upwind end of the area near the Irish coast. Given a true air speed of ~80 m s™', smallest

wavelength resolved is ~2.5 m.

of @ if the fluid is wavelike, and in our notation Ph,, 4
= —-7/2.

Figures 7c and 8c show the phase between w and 6.
At low frequencies, the active turbulent transport main-
tains a = phase difference between w and 6. As the
frequency increases, the phase tends toward zero. This
region of near-zero phase lag between w and @ is co-
incident with the region of countergradient heat trans-
port observed in the cospectra. At higher frequencies,
narrow bands that are out of phase are adjacent to
regions that are in phase. There is evidence of internal
waves between 0.5 and 2 Hz.

6. Summary

Stable layers over the ocean have received relatively
little attention, although they are frequent features of
the atmosphere over the coastal ocean and in the vicin-
ity of ocean fronts where sharp discontinuities of the
surface temperature affect the thermal structure of the
marine atmosphere. The main effect of these stable lay-
ers is the formation of a discontinuity between the sur-
face and the upper part of the boundary layer that sup-
ports gravity waves, wind speed jets, and large wind
speed shear.
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Fic. 8. (a) Cospectra of the vertical wind and potential temperature, (b) ogives, and (c) phase
at 30 m (solid line), 45 m (dashed line), 60 m (dashed—dotted line), and 160 m (dotted line) at

the downwind end of the area near the English coast. Given a true air speed of ~80 m s~

wavelength resolved is ~2.5 m.

The convective marine atmospheric boundary layer
is driven by surface heating, radiative flux divergence,
and entrainment. The depth of the boundary layer is
maintained locally by a balance between large-scale
subsidence and entrainment, or encroachment, driven
primarily by the surface buoyancy flux. As this con-
vective boundary layer flows over a cooler SST the
convection is cut off and a stable IBL develops rapidly.
The upper part of the boundary layer is no longer driven
primarily by the surface buoyancy flux so that subsi-
dence and entrainment, driven by cloud processes or
wind shear, are the only local processes controlling the

! smallest

overall depth of the MABL and the evolution of the
cloud layer. Advection is also very important, but af-
fects the boundary layer over the sea and over the land
almost equally. If entrainment is important, the turbu-
lence kinetic energy required to mix air across the top
of the MABL must be supplied by the wind shear or
radiative flux divergence in the upper part of a cloud
(Rogers and Koracin 1992). Figure 5 suggests that the
wind shear is not a significant factor. Evaporation due
to entrainment of dry air is possible, but the overall
decrease of the inversion height and warming of the air
immediately above the inversion, relative to the up-
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FiG. 9. (a) Cospectra of the vertical wind and eastward component of the horizontal wind, (b)
ogive, (c) cospectra of the vertical wind and northward component of the horizontal wind, (d)
phase at 30 m (solid line), 45 m (dashed line), 60 m (dashed—dotted line), and 160 m (dotted line)
at the downwind end of the area near the English coast.
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